Monolayer phosphorene provides a unique two-dimensional (2D) platform to investigate the fundamental dynamics of excitons and trions (charged excitons) in reduced dimensions. However, owing to its high instability, unambiguous identification of monolayer phosphorene has been elusive. Consequently, many important fundamental properties, such as exciton dynamics, remain underexplored. We report a rapid, noninvasive, and highly accurate approach based on optical interferometry to determine the layer number of phosphorene, and confirm the results with reliable photoluminescence measurements. Furthermore, we successfully probed the dynamics of excitons and trions in monolayer phosphorene by controlling the photo-carrier injection in a relatively low excitation power range. Based on our measured optical gap and the previously measured electronic energy gap, we determined the exciton binding energy to be ,0.3 eV for the monolayer phosphorene on SiO 2 /Si substrate, which agrees well with theoretical predictions. A huge trion binding energy of ,100 meV was first observed in monolayer phosphorene, which is around five times higher than that in transition metal dichalcogenide (TMD) monolayer semiconductor, such as MoS 2 . The carrier lifetime of exciton emission in monolayer phosphorene was measured to be ,220 ps, which is comparable to those in other 2D TMD semiconductors. Our results open new avenues for exploring fundamental phenomena and novel optoelectronic applications using monolayer phosphorene.
INTRODUCTION
Phosphorene is a recently developed two-dimensional (2D) material that has attracted tremendous attention owing to its unique anisotropic manner [1] [2] [3] [4] [5] [6] , layer-dependent direct band gaps 7, 8 , and quasi-onedimensional (1D) excitonic nature 9, 10 , which are all in drastic contrast with the properties of other 2D materials, such as graphene 11 and transition metal dichalcogenide (TMD) semiconductors [12] [13] [14] . Monolayer phosphorene has been of particular interest in exploring technological applications and investigating fundamental phenomena, such as 2D quantum confinement and many-body interactions 9, 15 . However, such unique 2D materials are unstable in ambient conditions and degrade quickly 8, 16 . Particularly, monolayer phosphorene is expected to be much less stable than few-layer phosphorene 16 , hence making its identification and characterization extremely challenging. There is a huge controversy on the identification of very few-layer (one or two layers) phosphorene and thus on their properties [16] [17] [18] . This controversy was primarily due to the lack of a robust experimental technique to precisely identify the monolayer phosphorene. Consequently, many important fundamental properties of monolayer phosphorene, such as its excitonic nature, remain elusive. In this study, we propose and implement a rapid, noninvasive, and highly accurate approach to determine the layer number of monoand few-layer phosphorene by using optical interferometry. The identification is clearly confirmed by the strongly layer-dependent peak energies in the measured photoluminescence (PL) spectra. More importantly, we successfully probed the exciton and trion dynamics in monolayer phosphorene by controlling the photo-carrier injection at a very low excitation power range. The exciton binding energy of monolayer phosphorene on a SiO 2 /Si substrate was determined to be ,0.3 eV; this result agrees well with the theoretical prediction that substrate screening strongly affects the exciton binding energy in monolayer phosphorene 15 . Furthermore, a high trion binding energy of ,100 meV (upper bound) was observed in the monolayer phosphorene on a SiO 2 /Si substrate, which, again, agrees well with our theoretical calculation. In addition, time-resolved PL (TRPL) was used to characterize the critical carrier dynamics in monolayer phosphorene. The carrier lifetime of exciton emission in monolayer phosphorene was measured to be ,220 ps, a value comparable to those in other TMD semiconductors. Our results provide a new platform for the investigation of fundamental many-body interactions and to explore new optoelectronic applications using monolayer phosphorene.
MATERIALS AND METHODS

Sample preparation and characterization
Mono-and few-layer phosphorene, graphene, and TMD semiconductor samples were mechanically exfoliated from bulk crystals and drily transferred onto SiO 2 /Si (275 nm thermal oxide) substrates. A phase shifting interferometer (Vecco NT9100) was used to obtain all the optical path length (OPL) values for phosphorene samples. Monolayer phosphorene samples were put into a Linkam THMS 600 chamber and the temperature was set as 210 6 C during the power-dependent PL and TRPL measurements. The power-dependent PL and TRPL measurements were conducted in a setup which incorporates m-PL spectroscopy and a time-correlated single photon counting (TCSPC) system. A linearly polarized pulse laser (frequency doubled to 522 nm, with 300 fs pulse width and 20.8 MHz repetition rate) was directed to a high numerical aperture (NA 5 0.7) objective (Nikon S Plan 603). PL signal was collected by a grating spectrometer, thereby either recording the PL spectrum through a charge coupled device (CCD; Princeton Instruments, PIXIS) or detecting the PL intensity decay by a Si single-photon avalanche diode (SPAD) and the TCSPC (PicoHarp 300) system with a resolution of ,40 ps.
For few-layer phosphorene (2L to 5L), the PL measurements were conducted using a T64000 micro-Raman system equipped with a InGaAs detector, along with a 532 nm Nd:YAG laser as the excitation source. For all the PL measurements for 2L to 5L phosphorene samples, the sample was placed into a microscope-compatible chamber with a slow flow of protection nitrogen gas to prevent sample degradation at room temperature. To avoid laser-induced sample damage, all PL spectra from two-to five-layer phosphorene were recorded at low power level of P ,20 mW.
Numerical simulation
Stanford Stratified Structure Solver (S4) 19 was used to calculate the phase delay. The method numerically solves Maxwell's equations in multiple layers of structured materials by expanding the field in the Fourier-space.
RESULTS AND DISCUSSION
Both atomic force microscopy (AFM) and Raman spectroscopy have been used to reliably determine the sample thickness of TMD semiconductors with monolayer precision 20 . However, these two methods are not reliable for the identification of very-few-layer phosphorene (one or two layers). The scanning rate of AFM is slow compared to the fast degradation of very-few-layer phosphorene in ambient conditions and AFM can easily generate an error of one or even two layers, owing to the large surface roughness in very-few-layer phosphorene samples. AFM can also introduce potential contaminants that might affect further characterizations on the same sample. Unlike in TMD semiconductors, where Raman mode frequency has a monotonic dependence on the layer number, phosphorene has a non-monotonic dependence owing to the complicated Davydov-related effects 18 . Moreover, the relatively high-power laser used in Raman spectroscopy can significantly damage the phosphorene samples.
To overcome the aforementioned challenges, we propose and implement a rapid, noninvasive, and highly accurate approach to determine the layer number by using optical interferometry (Figure 1 ). Specifically, we measure the optical path length (OPL) of the light reflected from the phosphorene that was mechanically exfoliated onto a SiO 2 /Si substrate (275 nm thermal oxide). The OPL is determined from the relation: OPL BP~{ l 2p (w BP {w SiO2 ), where l is the wavelength of the light source and is equal to 535 nm, and w BP and w SiO2 are the phase shifts of the light reflected from the phosphorene flake and the SiO 2 /Si substrate (Figure 1c inset) , respectively. The direct relationship between the OPL and the layer number is firmly established by a first-principle calculation and experimental calibration, as shown in Figure 1d . Even though the thickness of monolayer phosphorene is less than 1 nm, its OPL is larger than 20 nm owing to the multiple interfacial light reflections (Supplementary Information). That is, the virtual thickness of a phosphorene flake is amplified by more than 20 times in the optical interferometry, making the flakes easily identifiable. In the experiment, phase-shifting interferometry (PSI) is used to measure the OPL by analyzing the digitized interference pattern. In contrast to the highly focused and relatively high-power laser used in Raman system, PSI uses almost non-focused and very low-density light from a light-emitting diode (LED) source to achieve fast imaging (Supplementary Information), which inflicts no damage to the phosphorene samples. The step change of the OPL is ,20 nm for each additional phosphorene layer, as indicated by the red dots in Figure 1d . Considering that the accuracy of the instrument is ,0.1 nm, a step change of 20 nm yields extremely robust identification of the layer number. Statistical OPL values for phosphorene from mono-to six-layer (1L to 6L) were collected and at least five different samples were measured with the PSI system for each layer number. The measured OPL values agree very well with our theoretical calculations ( Figure 1d ). Recently, we also successfully used PSI to quickly and precisely identify the layer numbers of TMD atomically thin semiconductors 21 . Subsequent to PSI measurement, the sample was placed into a Linkam THMS 600 chamber, at a temperature of 210 6 C with a slow flow of nitrogen gas to prevent degradation of the sample 8 . The low temperature (210 6 C) is a very crucial factor because it can freeze the moisture in the chamber and significantly delay the sample degradation. Under 210 6 C and nitrogen protection, monolayer phosphorene samples can survive for several hours in the chamber. However, even in a temperature of 210 6 C with nitrogen gas protection, the monolayer phosphorene sample was found damaged when the power of the pulsed laser was higher than 1.15 mW (Supplementary Fig. S3 ). When the chamber temperature was raised from 210 6 C to room temperature, the monolayer phosphorene was oxidized immediately and the PL signal disappeared. In contrast to monolayer phosphorene, 2L and 3L phosphorene samples can survive for more than 15 hours under 210 6 C and for several hours when the chamber temperature was raised to room temperature.
Because of the strongly layer-dependent peak energies and the direct band gap nature of phosphorene, we are able to further confirm the layer number identification by measuring their corresponding peak energies of the PL emission ( Figure 2 ). Figure 2a shows the normalized PL spectra of the mono-to five-layer phosphorene samples. The emission peak of the PL spectrum for monolayer phosphorene is at 711 nm, corresponding to a peak energy of 1.75 eV. This PL peak energy value was measured at 210 6 C and it is expected not to vary too much at room temperature. Temperature-dependent PL measurements were conducted on 2L and 3L phosphorene samples from 20 6 C down to 270 6 C; very minor shifts of -0.112 meV 6 C 21 and -0.032 meV 6 C 21 with temperature were observed for 2L and 3L phosphorene samples, respectively ( Supplementary Fig. S4 ). Assuming a similar low temperature dependence for monolayer phosphorene, its PL peak energy at room temperature would be only ,1-4 meV lower than the measured value at 210 6 C. Combining the results of our previous work 8 on fewlayer phosphorene (2L to 5L) with the results obtained from our recent samples (1L to 5L), it can be clearly observed that the peak energy of PL Excitons and trions in monolayer phosphorene J Yang et al 2 emission shows unambiguous layer dependence (Figure 2b ). For each layer number, at least three samples were characterized; the measured peak energies for 1L to 5L phosphorene are 1.75 6 0.04, 1.29 6 0.03, 0.97 6 0.02, 0.84 6 0.02, and 0.80 6 0.02 eV, respectively. The PL emission energy of the phosphorene samples with higher layer number (.5) is beyond the measurement wavelength range (up to 1600 nm) of our system. The peak energy of PL emission, also termed as optical gap (E opt ), is the difference between the electronic band gap (E g ) and the exciton binding energy (E b ) (Figure 2b inset) . Owing to the strong quantum confinement effect, free-standing monolayer phosphorene is expected to have a large exciton binding energy of ,0.8 eV 9, 15 , whereas this value is expected to be only ,0.3 eV for monolayer phosphorene on a SiO 2 /Si substrate because of the increased screening from the substrate 15 . If we use the measured electronic energy gap of ,2.05 eV by Pan et al. 22 using scanning tunneling spectroscopy and our measured optical gap of 1.75 eV in monolayer phosphorene, the exciton binding energy of monolayer phosphorene on SiO 2 /Si substrate is determined to be ,0.3 eV, which agrees very well with the prediction 15 . The optical gaps in phosphorene increase rapidly with decreasing layer number because of the strong quantum confinement effect and the van der Waals interactions between the neighboring sheets in few-layer phosphorene 9, 23 . We used a power law form to fit the experimental data and obtained the fitting curve of
:486 N 0:686 z0:295, where E opt is the optical gap in unit of eV and N is the layer number (Figure 2b) . The layer-dependent optical gaps, as indicated in Figure 2b , agree very well with the theoretical predictions 7, 9 . For bulk phosphorene sample with large N value, its optical gap approaches the limit value of ,0.295 eV, which matches very well with the measured energy gap (,0.3 eV) of bulk phosphorene 5, 24 . Previously, Ye et al.
1 observed bright exciton PL emission at ,1.45 eV from a monolayer phosphorene that is coated with a protection layer of PMMA. This protection layer might introduce some defect states to the sample, which could change the PL emission energy. Our samples have no any protection layers and we did not use any chemical treatment processes, which provide very clean surfaces in our samples for exciton nature investigations. 
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The dynamics of excitons and trions have been of considerable interest for fundamental studies of many-body interactions 13, 14 , such as carrier multiplication and Wigner crystallization 25 . Monolayer phosphorene, whose excitons are predicted to be confined in a quasi-one-dimensional (1D) space 7, 9 , provides an ideal platform for investigating remarkable exciton and trion dynamics in a reduced dimension. Here, we successfully probed the exciton and trion dynamics in monolayer phosphorene by controlling the photo-carrier injection in power-dependent PL measurements (Figure 3) . The measured PL spectra exhibit two clear peaks with central wavelengths at ,705 nm (labeled as ''A'') and ,760 nm (labeled as ''X''), whose intensities and peak positions are highly dependent on the excitation power (Figure 3a) . We used Lorentzian curves to fit the measured PL spectra and extracted the spectral components of these two peaks, indicated by red and blue curves in Figure 3a . The intensity of higher energy peak A increases almost linearly with laser power (Figure 3b ), while that of lower energy peak X gradually saturates at a relatively high photo-carrier injection. When the excitation power changed from 0.19 to 1.15 mW (Figure 3c ), the optical gap of A emission (E A ) monotonically decreased by ,15 meV, while that of X emission (E X ) increased by ,35 meV. The higher energy peak A is attributed to exciton emission. The measured full width at half maximum (FWHM) of peak A decreases with increase in excitation power ( Supplementary  Fig. S5a ), which suggests an increase in the exciton binding energy, and thus, a reduction in E A with the increase in power within the range of our experiments 26, 27 . Owing to the appropriate protection for the phosphorene, we obtained very stable PL spectra data and the measurement errors of the exciton and trion energies are minimized to be ,5 meV (Supplementary Table S1 ).
The origin of peak X is particularly interesting. We believe the experimental observations do not support that peak X comes from the emission of localized excitons 28, 29 . First, the energy difference between the PL emissions from the localized and free excitons is not sensitive to the relatively low density of photo-carrier injection 28, 29 . But in our experiment, this energy difference decreases significantly from ,150 meV to ,100 meV when the power of excitation laser increases from 0.19 to 1.15 mW. Furthermore, localized excitons are expected to have a longer lifetime than free excitons because of the localization effect of squeezing an exciton in the zero-dimension-like state 28, 30 . However, our TRPL measurements revealed that the carrier lifetime from X state is less than that from A state (discussed later). On the other hand, the origin of X state can be attributed to trions 13, 14 . The trion peak intensity saturates at high photo-carrier injection (Figure 3b ) because the free carriers coming from initial doping are almost depleted during the formation of trions. The trion density estimated from our optical injection is comparable to the estimated initial doping level of our monolayer phosphorene sample (Supplementary Information).
The difference between the peak energies of exciton and trion PL emission is predicted to be 13, 31 :
where E Tb is the binding energy of trions and DE is the average energy needed to add one carrier into the free-carrier system. The energy difference E A -E X represents the minimum energy for the removal of one electron (hole) from a negative (positive) trion. To convert a trion to an exciton, one of the two electrons (holes) in the negative (positive) trion will be unbound first (1E Tb ) and then added into the system (1DE) 13, 31 . During PL excitation, the same amount of electrons and holes will be injected into the conduction band and valence band, respectively. At low excitation power (power close to zero), the system is in an equilibrium state and DE is approximately equal to the Fermi energy E F that is determined at the initial doping level 13, 31 . At higher PL excitation power with more carrier injection, the initial doping becomes less important because of the enhanced screening effect from the injected photo-carriers. In most conventional PL measurements with very high excitation power 10, 14, 32 , DE can be neglected and the trion binding energy can be approximately taken as the energy difference E A -E X . Here, we used a very low power range as the PL N 0:686 z0:295, where E opt is the optical gap in unit of eV and N is the layer number. Note: the PL for the monolayer phosphorene was measured at 210 6 C, while others were measured at room temperature. For monolayer phosphorene, the difference between PL peak energies at 210 6 C and at room temperature is estimated to be less than 5 meV. Inset: schematic energy diagram showing the electronic band gap (E g ), and the exciton binding energy (E b ).
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J Yang et al 4 excitation and were able to observe the unique effect of DE. We started with a low power excitation at 0.19 mW, which has an injected photocarrier concentration comparable to the initial doping level. As we increased the excitation power, the energy difference E A -E X decreased, indicating a reduction of DE. At high excitation power (1.15 mW), the initial doping becomes less important and DE can be approximately neglected; the energy difference E A -E X of ,100 meV at high excitation power (1.15 mW) can be taken to be the upper limit of the trion binding energy in monolayer phosphorene. This value agrees well with the estimated trion binding energy in monolayer phosphorene of E Tb *0:3E b 10,23 and the calculated exciton binding energy in monolayer phosphorene on SiO 2 /Si substrate is E b , 0.3 eV 9 .
In monolayer phosphorene, both positive and negative trions are expected to have similar binding energies, since the effective masses of electrons and holes are almost equal 7, 9 . Carrier lifetime has been considered to be a very critical parameter in semiconducting materials [33] [34] [35] . The accurate probing of the carrier lifetime in monolayer phosphorene can greatly help us in understanding its highly excitonic nature and to better explore its optoelectronic applications. In order to understand the origin of X emission peak, we used TRPL to characterize the carrier lifetimes of these two different states, A and X. For the first time, we successfully measured the carrier lifetime of the A peak emission in monolayer phosphorene at 220 6 8 ps. The carrier lifetime of the X peak emission was found to be lower than the resolution of our system (,40 ps), which confirms the aforementioned reasoning that X peak should not be from the emission of localized excitons. In our experiments, a linearly polarized pulse laser (frequency doubled to 522 nm, with 300 fs pulse width and 20.8 MHz repetition rate) was used to excite the monolayer phosphorene samples. PL signal was collected by a grating spectrometer and the PL intensity decay was detected using a Si SPAD and the TCSPC (PicoHarp 300) system. The measured PL decay of the exciton peak of our monolayer phosphorene sample with a laser power of 1.15 mW is presented in Figure 4a with the system response to the excitation laser as reference. We fitted the measured decay curve with equation lifetime t was determined to be 211 ps. Power-dependent PL decay was conducted with pulse laser powers 0.19, 0.38, 0.77, and 1.15 mW, and the same fitting process was performed to obtain the carrier lifetimes to be 222, 219, 232, and 211 ps, respectively, showing no significant power dependence. The power-dependent carrier lifetime measurement results of the monolayer phosphorene sample differ from the results of other TMD semiconductors, which show a decreasing carrier lifetime with increase in excitation laser power 35 . This independence of carrier lifetime of our monolayer phosphorene samples suggests that higher order processes such as exciton-exciton annihilation were negligible for the excitation power employed in our experiments 34 . We also compared the carrier lifetime data from monolayer phosphorene samples with those from other monolayer TMD semiconductors measured with the same system, as indicated in Figure 4b . The carrier lifetime values for monolayer phosphorene, MoS 2 , WSe 2 , and MoSe 2 were measured to be 221 6 8, 277 6 13, 448 6 60, and 604 6 43 ps, respectively.
CONCLUSIONS
In conclusion, we report a rapid, noninvasive, and highly accurate approach to determine the layer number of mono-and few-layer phosphorene using PSI. The identification is further confirmed by reliable, highly layer-dependent PL peak energies. These two methods provide definite references for future mono-and few-layer phosphorene layer number identification. The dynamics of excitons and trions in monolayer phosphorene was successfully characterized by controlling the photo-carrier injection in a relatively low excitation power range. Based on the measured optical gap and previously measured electronic energy gap, we determined the exciton binding energy to be ,0.3 eV for the monolayer phosphorene on SiO 2 /Si substrate, which agrees well with theoretical predictions. A huge trion binding energy of ,100 meV (upper limit) was first observed in monolayer phosphorene on SiO 2 /Si substrate. In addition, a carrier lifetime of 220 ps for the monolayer phosphorene was first measured, which is comparable to other 2D TMD semiconductors. Our results open new routes for both the investigation of 2D quantum limit in reduced dimensions and development of novel optoelectronic devices. 
